ABSTRACT: A theory is developed to demonstrate the effects of sorptive exchange on the transport of a chemical in a sediment-laden open-channel flow. Based on the multiple-scale method of homogenization, a depth-averaged transport equation is deduced up to a long time-scale. The dispersion coefficient is the sum of a modified Taylor dispersion coefficient and a dispersion coefficient due to a finite rate of mass exchange between dissolved phase in the water column and sorbed phase on suspended particles. These coefficients are functions of the suspension number and the bulk solid-water distribution ratio. It is shown that, for sufficiently large particles and solid fractions, enhancement of the longitudinal dispersion coefficient due to the sorptive exchange can be significant and should be included in a comprehensive model.
INTRODUCTION
Accidental spills of hazardous chemicals into streams are now common occurrences [e.g., Thibodeaux (1996) , chapter 5]. The consequent damage to the environment is very often enormous and long term. It is important, on the part of hydrodynamicists and environmental engineers, to be able to predict with sufficient accuracy the flow, transport, and fate of the chemicals that have been discharged to a water course.
Dispersion is the major mechanism responsible for the broadening of a cloud of dissolved substance as the center of the cloud is being carried along a stream by advection. Taylor dispersion (1953 Taylor dispersion ( , 1954 is the mixing process due to the interaction between lateral diffusion and velocity gradient. Based on the Taylor method, Elder (1959) derived a value for the longitudinal dispersion coefficient for an infinitely wide steady turbulent open-channel flow. His value however was found to be too low as compared to actual measurements in natural streams (Fischer et al. 1979) . Accounting for the transverse variation of velocity, Fischer (1967) extended Elder's analysis to 3D channels and yielded results in better agreement with measurements (Fischer 1973) . Based on Fischer's work, Liu (1977) developed an expression for the longitudinal dispersion coefficient in rivers and streams where the dispersion is dominated by lateral gradient rather than vertical gradient of velocity. Numerical solutions to Aris' method of moments (Aris 1956 ) were applied by Sayre (1975) on studying dispersion of sediment particles in a 2D channel. Many others also studied effects of bends, channel irregularities, dead zones, and flow unsteadiness (Fischer et al. 1979 and the references therein). In particular, Liu and Cheng (1980) presented a modified Fickian model based on a time dependent dispersion coefficient and a timescale that essentially absorbs the effects of channel irregularity and dead zones. By and large, in natural streams the nonuniformity in cross section and bottom slope, and meandering of streams may cause a much larger longitudinal dispersion coefficient than given by Elder (1959) and Fischer (1967) .
Thus far, studies have largely been focused on single-phase passive matters; little attention has ever been paid to the effects of phase change or partitioning. In fact many chemicals are hydrophobic. Once released to an aquatic system, they will readily adsorb onto colloids, particulates, or bed sediments. Other transformation processes such as volatilization, photolysis, and biodegradation also are possible. These interphase mass transfers must be considered when keeping track of the movement and the mass balance of the chemicals in the system. With the progress of environmental chemodynamics, many of these exchange processes have been extensively studied and their rates can be quantified with established methods. Nevertheless many transport problems are still analyzed by socalled box models that can only provide order-of-magnitude answers. There seems insufficient understanding of the systematic effects of the interphase exchange processes on the environmental transport of a chemical.
This work is solely focused on the effects of sorptive exchange with suspended sediments on the mass transport of a chemical in an open-channel flow. Natural streams are typically laden with suspended load. For hydrophobic organics, the solid-water distribution ratio can be large if the chemical has a high octanol-water partition coefficient and the solid is rich in organic matter. Metal species (e.g., cadmium, lead, and cobalt) and inorganic species (e.g., ammonium and phosphate ions) also exhibit a large tendency to be associated with particulate matters. In transport analyses, local equilibrium partitioning often is assumed and effects of the sorption kinetics are entirely ignored. As shown by Aris (1959) , a finite rate of phase change can result in an effective dispersion coefficient. Likewise, a finite rate of sorptive exchange between the water column and the suspended load should lead to a dispersion coefficient that has not been found explicitly before.
Sorption kinetics can become influential when mass transfer is rate limited by molecular diffusion required for a sorbate to reach a site deep within a sorbent (i.e., a site not in direct contact with the exterior solution) (Schwarzenbach et al. 1993, p. 331) . Flocculated clay aggregates are good candidates to be described by this radial diffusion model. In suspensions of clay and silt, electrostatic forces and polymer linkage tend to hold particles together once they come in contact. The resultant flocs are then composed of subregions with differential capabilities to sorb a chemical. The diffusion rate is proportional to the sorption-retarded diffusivity divided by the square of the aggregate radius (Schwarzenbach et al. 1993, p. 337) . For sufficiently large aggregate size and/or sorption partition coefficient, the time for equilibration may not be short enough for the kinetics to be ignored.
In modeling transport of a substance in an open-channel flow, depth-or cross-section-averaged equations often are used to reduce the spatial dimensions of the problem. This is justifiable as long as mixing is taking place much faster across the depth or the cross section than along the stream. For a tracer, spatial averaging of equations is usually a routine. Typically it leads to an advection-dispersion equation, in terms of the averaged stream velocity and concentration, and a longitudinal dispersion coefficient. For a substance that is subject to phase exchange between other compartments in the system such as adsorption onto particulates, the spatial averaging of equations becomes less straightforward and heuristic argu-ments will generally fall short in yielding the effective equations.
In this work, a systematic averaging technique, based on the homogenization method (Bensoussan et al. 1978) , is used to derive the depth-averaged solute transport equations in a sediment-laden channel flow. The effective advection and dispersion coefficients then will contain information about the influence of sorptive exchange on these transport mechanisms.
The homogenization method is an efficient way to obtain macroscopic descriptions for a problem in which two or more well-separated length scales exist. Equations on the microscale are first expanded using the usual technique of multiple scales. Spatial averaging of the perturbation equations over a unit cell then yields the effective equations, at various orders, in which constitutive coefficients are expressible in terms of the solutions of some microcell boundary-value problems. Although the homogenization theory has been drawing much attention to its mathematical development, its application to engineering problems has been rather limited until the past decade. The recent review by Mei et al. (1996) has presented applications illuminating the potential power of this method. Among many applications, it has been extensively employed for flow and transport in porous media [e.g., Auriault (1983) , Mei and Auriault (1989, 1991) , Mauri (1991) , Mei (1992) , Auriault and Adler (1995) , Lee et al. (1995) , Ng and Mei (1996) , Hornung (1997) and the references therein, and Ng (1999) ]. Recently, Ng (2000) has used this technique to show that mass transport of a chemical is related in a nontrivial manner to the local concentration of suspended sediment; such a relationship is not readily obtainable with a simple averaging method.
ASSUMPTIONS AND BASIC EQUATIONS
Although dispersion is much affected by channel nonuniformity, a 2D steady and uniform turbulent flow on a plane slope is considered in this work, so that the focus is on the effects of sorptive exchange. An x,z-coordinate system is defined such that the x-axis is directed downstream along the streambed and the z-axis is pointing upward and normal to the bed. A mild slope is considered so that the z-axis virtually coincides with the vertical. The normal depth is h, and the time-averaged stream velocity is u(z). The longitudinal and the vertical eddy diffusion coefficients (denoted by E x (z) and E z (z), respectively) are assumed to be the same for both sediment and fluid particles. The channel is carrying a steady uniform suspended load. The solid particles are so fine grained that they behave like fluid particles, except that they tend to settle with a fall velocity w f . For simplicity, an impermeable and nonerodible flat bottom also is assumed. In other words features such as exchange with bed load, wavy bed forms (ripples, sand dunes, etc.), circular flows in the bed, and the interaction between the ground water and the channel flows are ignored.
For a steady uniform suspended load, the rates of deposition and entrainment are equal throughout the depth
where (z) = suspended sediment concentration (mass of sediment per bulk volume), which is then given by the equilibrium profile
in which 0 = (z = 0) = reference concentration at the bed level. Here a sufficiently low sediment concentration is considered so that the presence of sediment does not materially affect the flow.
Once discharged to the stream, a chemical is readily partitioned into dissolved and sorbed phases. The total concentration C tot (x, z, t) (total mass of chemical per bulk volume) is given by
where C(x, z, t) = aqueous concentration (mass of dissolved phase per volume of water); and C s (x, z, t) = sorbate concentration (mass of sorbed phase per mass of solid). The transport of the chemical then is governed by
where t = time. The vertical flux of the chemical must vanish at the free surface and the bottom of the channel
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In deriving (4) use is made of the fact that a flux of the sorbed phase is equal to the sorbate concentration times the corresponding sediment flux. Using (1), the above equation and condition can be simplified to
On assuming a first-order kinetics for the sorptive exchange, the macroscopic rate of change of the sorbate concentration can be described by
Ѩt
where K d = sorption partition coefficient; and k = desorption rate constant. Note that K d also equals the ratio of the sorption rate constant to the desorption rate constant.
To form the basis of the multiple-scale perturbation analysis, estimates of the physical scalings are first given below. For the present problem, some of the scaling relationships are the same as those established by Ng (2000) , which for completeness are repeated here.
Ratio of Longitudinal Dispersion Coefficient to Eddy Diffusivity
Although in (6) the longitudinal diffusion is controlled by the eddy diffusivity E x , its effective value after a sufficiently long time of transport is dominated by the dispersion D resulting from the velocity variation associated with turbulent diffusion in the z-direction. For a steady turbulent channel flow, Elder (1959) has found thatĒ
where the overhead bar denotes the depth average; and u * = shear velocity which is
where b = bottom shear stress; = fluid density; and = channel slope. It is clear from (9) that the dispersion coefficient D is much larger than the turbulent diffusivity E, and the small ratio
will be used as the ordering parameter for the perturbation. In the following, the longitudinal diffusion will be normalized with respect to D and the vertical diffusion with respect to E.
Ratio of Longitudinal to Vertical Length Scales
The focus is on the mass transport over a long time after discharge. It follows that the longitudinal scale L for the chemical spreading is much longer than the flow depth h. It is anticipated that the transport rate due to longitudinal dispersion is effectively two orders smaller than that due to the vertical diffusion, or
which, on using (11), gives a ratio for two length scales
If ⑀, as estimated above, is O(10 Ϫ2 ), the contrast in length scales is of the order 10 Ϫ3 .
Ratio of Advection to Vertical Diffusion Rates
This ratio is a Péclet number and on using (9) can be estimated as follows:¯ū
where ū = depth-averaged velocity. Because typically ū Ն u * , the above number is much larger than unity. It is anticipated that the transport rate due to longitudinal advection is effectively one order smaller than that due to the vertical diffusion, or
which, on using (13), gives an order estimate for the Péclet number 
Ratio of Desorption to Vertical Diffusion Rates
This ratio is a Damköhler number, which can be written as follows:
Given the aggregate nature of suspended solids and sediments (Johnson 1974; Zabawa 1978; Chase 1979) , sorption kinetics are very often modeled with rate limiting diffusion into a spherical particle. By virtue of this model, the sorption rate constant can be estimated by (Schwarzenbach et al. 1993, p. 337 
e where a = aggregate radius; and D e = effective aggregate diffusion coefficient given by
in which D * = aqueous diffusivity in the porous aggregate; = aggregate porosity; and s = solid density. For a strongly hydrophobic compound, the effective aggregate diffusivity can be as low as D e = O(10 Ϫ8 cm 2 /s). Assuming an aggregate radius of a = 0.5 mm, the sorption rate constant from (18) is
. Further using typical values h ϳ 5 m and u * ϳ 0.01 m/s, it follows from (17) that the Damköhler number is
or the sorption rate is comparable to the vertical turbulent diffusion rate.
Timescales
Two vastly different transport timescales are of importance. Although it takes T 1 = L/ū for the center of mass to travel by advection over a distance L, a much longer time T 2 = L 2 /D is needed for spreading by dispersion over a similar length scale, as is shown below
where (11), (13), and (16) have been used.
Bulk Solid-Water Distribution Ratio of Chemical
In this study, it is assumed that the fractions of chemical in water and on solid are comparable so that both phases are important in the resultant transport. The bulk solid-water distribution ratio, defined below, must therefore be of order unity
Typically the natural suspended sediment concentration is in the range 10 Ϫ4 -10 Ϫ5 kg/L. Even for such low concentrations, the solid-water distribution ratio can still be of order unity if the chemical is sufficiently hydrophobic and has a high enough sorption partition coefficient. For example, Wu and Gschwend (1986) have found that for a number of riverbed sediments the sorption partition coefficient can be as high as 4,700 L/kg where the sorbates are chlorobenzenes. Heavy metals and PCBs also have very high partition coefficients in the order of 10 4 -10 6 L/kg. Schnoor (1996, p. 427) has calculated that the fraction of Pb(II) adsorbed to suspended particles can exceed 0.5 at pH 7 or above in a lake where the suspended solid concentration is only 10 Ϫ6 kg/L. In short, it is possible for (22) to be realized provided that both the particle concentration and the sorption partition coefficient are sufficiently large.
Based on the above scaling estimates, the following normalized variables (distinguished byˆ) are introduced:
In terms of the normalized quantities, the transport equations (6) and (8) can be written
By the earlier estimates [(11), (13), and (16)], it is clear that the terms on the left-hand side of (24) are of order ⑀ and the first term on the right-hand side is of order ⑀ 2 . Also by (20), the left-hand side of (25) is of order ⑀. On returning to the dimensional form of equations but keeping the ordering parameter for identification, the chemical transport equation reads
where C tot is given by (3); and the sorption kinetics equation is
The boundary conditions [ (7)] remain unchanged. Perturbation equations are next obtained upon introducing the following multiple-scale expansions:
1 2
An overhead bar is used below to denote the depth average of the associated quantity
EFFECTIVE TRANSPORT EQUATIONS
At O (1), the problem is homogeneous
with the boundary conditions
Further using the O (1) of (27), C 0 and C s 0 must be independent of z and are related to each other by
Hence, at the leading order the concentrations are uniform across the channel depth and the solid-water partition is in local equilibrium. The O (1) total concentration is therefore
At O (⑀), putting (34) into (26) gives
On taking the depth average of the above equation and using the zero-flux boundary conditions, the first-order effective transport equation is obtained
in which transport is solely due to advection at the effective speed
e From the O (⑀) of (27)
which can be substituted into the right-hand side of (36). Also, by eliminating ѨC 0 /Ѩt 1 between (36) and (37), one obtains
z e ͩ ͪ Ѩz Ѩz Ѩx which suggests that one may let
1
Ѩx
where N = N(z) is governed by the following boundary-value problem:
On solving, the function N is formally given by
The boundary value N(0) can be determined if a uniqueness condition is specified, but this is not necessary because this constant has no effect on the dispersion coefficient, as will be seen at the next order. Now, using (33), (37), and (41), the O(⑀) of (27) gives
by which the O(⑀) total concentration can be written
At O(⑀ 2 ), substituting (34) and (46) into (26), followed by depth averaging, and using (37) will give the second-order effective transport equation, in which dispersion first appears
Ѩt Ѩx 2 where D T and D S = two effective dispersion coefficients, formally given by
Because the depth average of R(u Ϫ u e ) is identically zero, one can substitute (44) into (48) and manipulate as follows:
where integration by parts has been used in the last step. Clearly, D T is always positive and is, in fact, a modified Taylor dispersion coefficient arising from the interaction between velocity variation across the depth and vertical turbulent diffusion. On the other hand, D S is a new dispersion coefficient that appears not to have been reported before. It primarily arises from the kinetics of solid-water sorptive exchange and is proportional to the depth covariance between the velocity and the sediment concentration.
On combining (37) and (47) and omitting the ordering parameter ⑀, the effective transport equation which is valid up to O(⑀) reads as follows:
The effective longitudinal eddy diffusivity which is in RE /R, x the order of 0.07u * h (Elder 1959) , is much smaller than the dispersion coefficient D T and will not be considered any further in this work.
EFFECTIVE COEFFICIENTS
Values of the dispersion coefficients D T and D S can in principle be found as long as the profiles of the suspended sediment concentration and the velocity are known. For a turbulent streamflow, the von Kármán logarithmic velocity profile and the associated parabolic eddy viscosity distribution are commonly adopted. However, with these profiles the depth averages in (49) and (50) can only be computed numerically.
To enable analytical integration, an alternative velocity profile, which has been suggested by Engelund (1970) , is employed. The basic assumption is to use a constant eddy viscosity throughout the depth but admit a slip velocity at the bottom. The eddy viscosity and the slip velocity can be evaluated by matching the values of the velocity at the free surface z = h and at the outer boundary of the constant stress layer z = 0.15h. For rough turbulent flow, one obtains
is the slip velocity relative to the shear velocity, and
is the eddy viscosity. In the above relations, = von Kármán's constant, which has the mean value of 0.4 for clear water; and ε s = bottom roughness. The above velocity profile agrees well with the logarithmic profile except in the immediate vicinity of the boundary. Also the above eddy viscosity E m is slightly larger than the depth average of the parabolic eddy viscosity profile = 0.167u * h. Some minor quantitative differences E z may be expected as a result of using different velocity profiles; the qualitative behavior however should remain the same.
With the Reynolds analogy, it is further assumed that the eddy diffusivities E x and E z also are constants and have the same value as E m . Indeed it has been supported by experiments that the ratio of the diffusion coefficient for the sediment to the diffusion coefficient for the momentum is close to unity for sufficiently fine particles (Vanoni 1975) . Now, with a constant E z = E m , the suspended sediment concentration [(2)] decays exponentially upwardˆ = exp(Ϫ␣z), 0 < z < 1 (55) 0 where ␣ = suspension number
As turbulence is dampened by sediments, von Kármán's constant tends to decrease with increase in sediment concentration [e.g., Vanoni (1975) ]. The effect however is appreciable only when the suspended load becomes heavy. Because in this work a low sediment concentration 0 ϳ 0.1-0.2 g/L is considered, a constant = 0.4 will be used. The fall velocity w f of a particle is also lower in a turbulent suspension than in a quiescent clear fluid. Again, the difference is typically a small percentage when the sediment concentration is at a low level. Therefore, by Stokes' law, the fall velocity for fine sediments with 0.05-0.5 mm nominal diameter, and a unity shape factor, the fall velocity in water can vary over the range 1-100 mm/s. Because typically u * = O(0.01 m/s), it is clear that for the above range of particle size the suspension number [ (56)] is at least of order unity. On substituting the above velocity and sediment concentration profiles, explicit expressions for the various effective coefficients may readily be deduced. For this purpose, symbolic integration using the computer algebra system MAPLE has been utilized. The relations are expressed in terms of the following normalized quantities:
The depth-averaged retardation factor is
and the depth-averaged stream velocity is
and the effective advection velocity
The modified Taylor dispersion coefficient iŝ
and the dispersion coefficient induced by a finite rate of sorption is
The integration in yields a rather lengthy expression, whicĥ D T for conciseness is not presented here.
All the above coefficients depend on the suspension number ␣ and the bulk solid-water distribution ratio K d 0 ; both have been estimated to be of order unity. The dispersion coefficient D S is also inversely proportional to the rate-constant ratio kh/u * , which according to (17) and (20) should be smaller than order unity. Obviously dispersion by D S is more significant for a smaller rate constant k, which means slower sorptive exchange. If, on the other extreme, sorption equilibrium is readily attained, the coefficient D S can become negligible.
In the limit of K d 0 → 0 or a zero partitioning in solid phase, the case of transport of pure dissolved phase is recoveredR
The numerical factor in the above Taylor dispersion coefficient, obtained by using Engelund's velocity profile (Engelund 1970 ) and a constant eddy viscosity, differs slightly from Elder's value of 5.86 (Elder 1959 ) based on a logarithmic velocity profile and a parabolic eddy viscosity distribution. On the other hand, when ␣ → 0 or the fall velocity becomes very small, the sediment concentration tends to be uniform across the depth, and 
as ␣ → 0. It is remarkable that, as the retardation factor becomes a constant throughout the depth, the transport of the combined load is essentially the same as that for a single phase. Effects of the two parameters K d 0 and ␣ are further shown in Figs. 1-4 . In the calculations are considered = 0.4; h/ε s = 1,000; kh/u * = 0.2; ␣ = 0.1, 1, and 10; and 0 < K d 0 < 5. The results have been found to be insensitive to the relative bottom roughness. It should be noted that the average retardation factor increases with K d 0 but decreases with ␣. R Fig. 1 shows that the effective advection velocity decreases with increase in K d 0 , the effect being more pronounced for a higher ␣. Hence, for a sufficiently large suspension number (e.g., larger particles) and bulk solid-water distribution ratio, the center of mass of the chemical moves slightly slower than the mean stream velocity. Although the difference is relatively small, the effect can become appreciable over a long time of travel.
The enhancement of the Taylor dispersion coefficient from its clear fluid value is illustrated in Fig. 2 . For ␣ = 0.1 and 1, is rather insensitive to K d 0 . However at a large ␣ = 10, D T increases readily with K d 0 , so that it is almost doubled at D T K d 0 = 5. This is reasonable because Taylor dispersion is related to the covariance between dissolved phase concentration and velocity across the depth. The departure from the depthaveraged dissolved phase concentration will be higher if the sediment distribution is more localized near the bottom, which amounts to a larger ␣.
The suspension number ␣ has a similar effect on the sorption-kinetics-induced dispersion coefficient D S , as shown in Fig. 3 . This dispersion coefficient remains at a low value when ␣ = 0.1. However for ␣ = 10, increases at a dramatic ratê D S with K d 0 ; the coefficient is 80 when K d 0 is 5. As pointed out earlier, D S is proportional to the depth covariance between velocity and sediment concentration. Indeed, as in alsôD , D T S gets larger as the sediment concentration distribution becomes more concentrated above the bottom. When most of the sediments are confined near the channel bed where the fluid velocity is the lowest, the case approaches to the limiting case of clear liquid flowing above a stagnant layer of sorptive bed sediment. It is well known that the kinetics of lateral mass exchange between two distinct media can result in an effective dispersion coefficient. Examples include Aris (1959) dispersion of solute in gas flow along a tube coated with a liquid film and dispersion in structured porous media composed of mobile and immobile regions [e.g., Passioura (1971) , Raats (1981) ]. In the present problem, the phase change kinetics is controlled by the sorption rate constant, which is approximately given by (18), if the kinetics can be described by a spherical aggregate model. Apparently, a larger particle size ␣ and a higher sorption partition coefficient K d both mean a lower k but larger ␣ and K d 0 ; all these lead to a higher D S . The relative importance of D S to D T is shown in Fig. 4 . For a small ␣ or a uniform sediment concentration profile, D S may only play a minor role in the combined dispersion. When ␣ = 1, D S is equally important as D T for a finite value of K d 0 . At a still larger ␣ = 10, D S can become the dominant dispersion coefficient if the rate constant k is sufficiently small. In this example, the combined dispersion coefficient D T ϩ D S can reach a value of 90u * h (i.e., more than 18 times the clear fluid Taylor dispersion coefficient) when ␣ = 10 and K d 0 = 5. In summary, the dispersion coefficient is in general larger in a sediment-laden flow than in a clear-water flow. Pronounced effects can be expected for a finite rate of sorptive exchange, a high bulk solid-water distribution ratio, and a high suspension number. Practically, these factors can be as influential as others such as channel irregularities and must be taken into account when estimating the dispersion coefficient in a natural stream.
SUMMARY AND CONCLUSIONS
The homogenization technique has been used to deduce the effective transport equation for a chemical species in an infinitely wide steady open-channel flow where sorptive exchange of the species takes place between the water column and a steady uniform streamwise distribution of suspended particulates. Assumptions for the derivation include (1) a much longer longitudinal length scale than the flow depth; (2) a much shorter timescale for vertical turbulent diffusion than longitudinal advection; (3) a comparable timescale for sorption kinetics and vertical turbulent diffusion; (4) an order of unity for the bulk distribution of dissolved and sorbed phases; and (5) a first-order kinetics for the sorption-desorption mass transfer.
At the leading order, the aqueous and the sorbed phases are in local equilibrium and their concentrations are uniform across the depth. The transport is dominated by advection at the effective speed given by (38). The higher order transport, which becomes important over a long timescale, is due to diffusion and dispersion only. A modified Taylor dispersion coefficient D T and a new, sorption-kinetics-induced dispersion coefficient D S are formally given by (50) and (49) in terms of the velocity, sediment concentration, and eddy viscosity profiles. It is remarkable that a finite sorption rate can induce over the long timescale an effective dispersion coefficient that is proportional to the covariance between velocity and sediment concentration across the depth and inversely proportional to the sorption rate constant.
Explicit expressions for the effective coefficients have been obtained by adopting Engelund's approximate velocity profile based on a constant eddy viscosity (Engelund 1970) . The suspension number and the bulk solid-water distribution ratio are the two major factors controlling magnitudes of these coefficients. Generally a larger particle size, which implies a larger suspension number and therefore a more localized sediment concentration near the bed, can bring forth the following effects: (1) a reduction in the effective advection velocity; (2) a larger covariance between velocity and sediment concentration and hence a larger D S ; (3) a smaller sorption rate constant and hence a larger D S if the sorption kinetic can be modeled by diffusion in a spherical aggregate, and (4) a larger covariance between dissolved phase concentration and velocity and hence a larger D T . All the above effects can be further enhanced by a larger bulk solid-water distribution ratio resulting from a stronger affinity of the chemical for the solid. Because of these sorption related effects, the resultant dispersion coefficient can be an order of magnitude higher than the pure fluid case, although other important controlling factors such as transverse flow variations, bends, dead zones, and channel irregularities are not yet included. It is desirable to incorporate extension of the present work as well as the effects due to exchange between bed and suspended sediments, and flow unsteadiness. Experimental verification of the present theory is also worth pursuing. Vanoni, V. A. (1975) . Sedimentation engineering, ASCE, New York. Wu, S. C., and Gschwend, P. M. (1986) . ''Sorption kinetics of hydrophobic organic compounds to natural sediments and soils. '' Envir. Sci. and Technol., 20, 717-725. Zabawa, C. F. (1978) . ''Microstructure of agglomerated suspended sediments in northern Chesapeake Bay estuary. '' Sci., 202, [49] [50] [51] .
APPENDIX II. NOTATION
The following symbols are used in this paper: 
